Abstract: Materials that undergo an electronic phase change in a reversible manner open up new directions for research in light-matter interactions and photonic devices. The highly tunable dielectric properties, along with the spatial control of insulating and metallic domains, create photonic-crystal-like environments to control light propagation. In this brief overview, recent advances in photonics that utilize solid-state phase-change systems such as vanadium dioxide (VO 2 ) and chalcogenides are discussed. The controllable optical properties such as the refractive index and the optical conductance between two distinct phases in these materials pave the way for switchable photonic devices with memory. Furthermore, the intermediate states with the coexistence of two phases in the vicinity of phase transition in these materials behave as a tunable metamaterial with extraordinary optical properties that is promising for applications such as perfect absorbers.
Introduction
Phase change materials such as correlated oxides and chalcogenides can undergo collective electronic and/or structural transitions across the bulk of the material with large changes in optical, dielectric and electrical properties. The transitions can be controlled by thermal, electrical, optical, mechanical or chemical excitations. In thin film form, these materials are exceptionally robust and reversible transitions over millions of cycles are possible. A new paradigm is emerging for photonic devices that utilize the unique tunable aspects of phase change materials having distinct optical properties in two different states. Yet another direction is exploration of the phase co-existence region where a natural metamaterial exists due to the presence of both the insulating and the metallic phases. In this short overview, recent progress and breakthroughs with phase change materials for emerging photonics are discussed with representative examples. The materials emphasized in this review include VO 2 (an oxide system) and germanium-antimony-tellurium (GST) (chalcogenide system) that are more popular among many worthy candidates. For instance in VO 2 , there is a sharp electronic transition (insulating to metallic) concurrent with a structural transition (monoclinic to tetragonal) leading to collapse of a 0.7 eV bandgap near 67 C in pristine crystals. The beauty of this phase transition is that carrier density change is primarily responsible for the many orders change in resistivity, while the mobility is perturbed by just a factor of two [1] . Consequently, this creates unique opportunity in photonics as the spectacular change in free carrier density implies highly tunable dielectric properties, refractive index [2] - [4] and extinction parameters. For chalcogenide materials, the switching between its amorphous and crystalline phase leads to orders of magnitude physical properties change such as electrical conductivity, optical reflectivity, mass density, and thermal conductivity [5] .
Ultrathin Perfect Absorber
Phase co-existence proximal to the electronic transition can lead to unusual optical properties such as perfect absorption. When the temperature is tuned in the vicinity of the phase transition for a VO 2 film grown on sapphire, absorption up to 99.75% is observed for infrared light with a wavelength of 11.6 m [6] . The reflectivity can be tuned over a large range between 80% and 0.25% by raising and lowering the temperature of the VO 2 thin film. Fig. 1(a) shows the schematics of the device structure and experimental setup. Fig. 1(b) shows the wavelength dependence of the reflectivity of the VO 2 thin film at various temperatures (297-360 K). At 343 K, the onset temperature for the phase transition of VO 2 , the reflectivity for 11.6 m wavelength infrared light drops to 0.25%. Fig. 1(c) shows the temperature dependence of the reflectivity of the VO 2 thin film and the inset in Fig. 1(c) shows the temperature dependence of the normalized dc resistance of the VO 2 thin film. Fig. 1(d) shows the calculated reflectivity spectrum (295-360 K), which is in good match with the experimental data. In the vicinity of the phase transition there exists phase co-existence comprised of nanoscale structures of both metallic and insulating state of VO 2 , which behaves as a tunable disordered metamaterial with large optical absorption at infrared frequencies. The interaction of light with the VO 2 /sapphire substrate leads to essentially complete absorption of the incident light as a result of critical coupling. 
Plasmonic and Metamaterial Devices
The resonances of VO 2 -based plasmonic antennas can be tuned and switched ON and OFF by changing the temperature close to the phase transition [7] . The tunable resonant frequency of optical antennas would be useful for dynamic control and favorable to realizing antenna-based spatial light modulators, or active displays. Similar approaches (to couple plasmonic structures into VO 2 to achieve controllable resonance) have been reported by various groups [8] - [17] . VO 2 metamaterials with tunable properties have also been studied, and the field is well poised for growth [18] - [21] .
Recently, it has been demonstrated that an ultrafast phase transition in nanostructured VO 2 can be induced with plasmonic photo-cathode of Au nanoparticles by femtosecond laser pulse [22] . Fig. 2(a) and (b) show the schematic and scanning electron microscopy images of the hybrid Au/VO 2 plasmonic device structure. Fig. 2(c) shows the band alignment of the Au/VO 2 hybrid structure and schematic of electron transfer process. Plasmonic resonance induced hot electrons in the Au nanomesh are injected across the Au/VO 2 interface to induce an ultrafast (sub-picosecond timescale) phase transition in VO 2 . The demonstration of the ultrafast phase transition triggered by optically induced electron injection should be of interest to all-optical nanophotonic devices. Haglund and co-workers have also reported a phase-change modulator recently [12] . Fig. 2(d) shows the schematic of the phase-change modulator based on Au and VO 2 nanostructures [12] . The VO 2 nanostructure tunes the resonance of the Au plasmonic structure in the device, and hence, the properties of the hybrid modulator can be tuned accordingly. 
Photonic Antennas and Memories
Switchable refractive index between the high-resistance amorphous and the low-resistance crystalline phases in chalcogenide phase change materials have also attracted much attention for metamaterials and plasmonics. Recently, Ge 3 Sb 2 Te 6 phase change material coated infrared plasmonic nanoantennas have been reported [23] . Fig. 3(a) shows the cross-sectional view of an antenna structure composed of 3-nm Cr adhesion layer, 35-nm Al, and 50-nm Ge 3 Sb 2 Te 6 phase change material coating layer and Fig. 3(b) shows the scanning electron microscopy image of the antenna device with width w (100 nm), length L (500 nm), and distance d C . The resonance shift of the plasmonic antenna arrays can be reversibly switched using a femtosecond pulse from a Ti:sapphire laser.
Photonic memory devices using chalcogenide phase change materials have also been theoretically proposed [24] and experimentally demonstrated [25] recently. Fig. 3(c) shows the schematic of a chalcogenide memory device [25] . A thin Ge 2 Sb 2 Te 5 phase change material layer with 10 nm thickness was covered by sputtering on a section of the waveguide. A thin layer of indium tin oxide was finally capped on top of the Ge 2 Sb 2 Te 5 to prevent oxidation. When the Ge 2 Sb 2 Te 5 goes across the transition from the amorphous (crystalline) state to crystalline (amorphous) state, the optical switching of the hybrid device can be detected and tracked for photonic memory applications. The memory effect can be switched at picosecond timescale and is non-volatile.
Outlook
In this brief perspective, recent advances in photonic devices that utilize phase change systems have been summarized. The ability to incorporate highly tunable semiconductors into photonic devices vastly expand their capability and also enable new concepts such as reconfigurability. Besides the switching capability, the intermediate co-existence region where multiple electronic phases exist, serves as a natural metamaterial and leads to possibilities such as perfect absorption. A vast plethora of both oxide and non-oxide phase change materials exist and depending on temperature ranges of interest and the driving excitation for changing phase, such materials can significantly enhance the opportunities for adaptive photonic devices. Almost all of these materials can be deposited in thin film form which makes them relevant from technological point of view such as monolithic or heterogeneous integration on to CMOS or other on-chip circuits.
